AbstractAm-Fe-N films have been made by dc magnetron sputtering and heating in-situ in nitrogen atmosphere. It is observed that the anisotropy changes from perpendicular to in-plane by nitrogenation. The Curie temperature is about 380 K. Aspects of structure, hysterisis loops, initial magnetization curves and temperature dependence of coercivity are discussed.
I. INTRODUCTION

III. RESULTS AND DISCUSSION
Studies show that magnetic properties of bulk rare earth-Fe compounds such as SmzFel, and NdFellTi can be greatly improved by gas-phase interstitial modification for the application as a permanent magnet [l] . For example, the Sm,Fe,,N, compound has some advantageous properties in comparison with the commercial N&Fe14B permanent magnet.
A higher Curie temperature T, of 750 K, a higher uniaxial anisotropic field of 140 kOe at room temperature as compared with 590 K, 80 kOe for N&Fe,,B [2] , and a similar saturation magnetization of 47rM,= 15.4 kG have been reported, as the three most important intrinsic properties for permanent-magnet materials.
It has been demonstrated that permanent magnetic thin films can be grown with new phases and proper microstructure in a very controllable way [3] . This follows because of the many adjustable deposition parameters. Thin films may also lead to certain device applications. We have shown that Sm-Fe films can be made by sputtering [4] . The Curie temperature for the Sm-Fe film was 380 K, which agrees with the value of bulk Sm,Fe,, with Th,Zn,, structure. Here we present additional data on the various magnetic properties.
II. FILM PREPARATION AND MEASUREMENTS
Sm-Fe films were prepared in a dc magnetron sputtering system. Ta substrate was used at a temperature of T, = 450 "C. Then nitrogen gas was introduced into the chamber with a pressure about 50 Torr at a sample temperature of 450 "C for about one hour. The base pressure was below 2x107 Torr. The argon gas pressure during sputtering was 40 mTorr. The crystal structure was investigated by x-ray diffractometry (XRD) on a Rigaku DMAXB system with Cu K, radiation. 
Structural Analysis
For specified lattice parameters, rare earth-Fe compounds of the form Th,Zn,,, TbCu, and ThMn,, are transformation related [3, 5] . It is difficult to distinguish these structures only from x-ray diffraction data for thin films in which only a limited number of lines are available. The observed XRD patterns for Sm-Fe and Sm-Fe-N are similar except the peak positions for the latter are moved to lower angle for the latter EDX and XRF analysis show similar S d F e atomic ratio of about 10/90. The x was estimated to be about 2.7 in the formula of Sm,Fe,,N, by using the volume expansion, which is about 7 % [4]. Fig. 1 gives the loops with applied field in and perpendicular to the film plane for a Sm-Fe film and a Sm-Fe-N film. The two films have similar texture as indicated by the x-ray diffraction pattern [4] . The transition of effective anisotropy on nitrogenation [6] from perpendicular to in-plane is observed.
Hysteresis Loops
In the second quadrant of the in-plane loops there is a small sharp drop when the field is fairly low, suggesting either the presence of a soft magnetic phase, or a canted anisotropy system, or both. First of all, the a-Fe may be the soft phase. To see how much this a-Fe phase contributes and how it is 0018-9464/92$03.00 0 1992 IEEE distributed a series of films with different thicknesses were made under the same preparation conditions. The in-plane loops are shown in Fig. 2 . As the film thickness decreases, the fraction of the soft phase increases substantially. When the film is about 900 A or thinner, basically only the soft phase exists, suggesting a nearly pure soft initial layer close to the substrate. Considering the XRD data a numerical fit was attempted to separate this initial soft layer from all the loops. The result suggests that the initial soft layer contributes the largest part to the sharp drop in the loop. The rest from the bulk part of the film contributes about 5% of total magnetization. This suggests either there are still soft regions in the bulk part of the film or the bulk phase has a slightly canted anisotropy [7] . Fig. 3 gives the loops of a double-layer film with an Fe layer purposefully grown underneath the Sm-Fe-N layer. The general features are similar to those discussed above. This suggests that the soft 0-Fe phase might be a major contribution to the magnetization drop mentioned earlier. Fig. 4 gives three initial magnetization curves for a typical Sm-Fe-N film in a thermally demagnetized state and field demagnetized state and the maximum magnetization on minor loops, this last is sometimes called the commutation curve. All three curves are almost identical. The magnetization does not increase substantially until the applied field is fairly close to the coercivity of about 3.5 kOe. The onset of the magnetization at very small field might due to the soft phase. The small negative overshoot for thermally demagnetized curve is due to the non-ideal thermal demagnetization state for the as-deposited film. Except for the small magnetization rise in low field region, the lack of steep increase of the magnetization at low field for the thermally demagnetized film easy directions, are plotted in Fig. 5 . It should be noted that there is some structure in the curve for the Sm-Fe-N sample around 100 to 200 K. This might indicate that there is some change in the anisotropy direction, which could include a canting or cone-shaped anisotropy. 
IV. SUMMARY
Sm-Fe and Sm-Fe-N films were synthesized by dc magnetron sputtering followed by nitrogenation in a low pressure nitrogen atmosphere. A transition of the anisotropy from perpendicular to in-plane was observed. Various magnetization behaviors have been discussed.
